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Abstract 

We investigate the dynamical gauge-Higgs unification in the Randall-Sundrum (RS) space-time. 
We study the dynamical gauge-Higgs unification in the SU{2) gauge theory with a bulk fermion 
in the RS space-time. We evaluate the contribution from fermion loop to the one-loop effective 
potential with respect to the Wilson-line phase, and study the dynamical gauge symmetry breaking. 
We also apply this mechanism of the gauge symmetry breaking to the electroweak gauge-Higgs 
unification in the RS space-time. Especially we numerically studied a SU{3)w gauge model as a 
toy model of electroweak gauge-Higgs unification in the RS space-time. We introduce an adjoint 
fermion into the model to break the gauge symmetry and to obtain the ?7(l)om electromagnetic 
symmetry. We found that in this model the ratio of Z-boson mass to VF-boson varies with respect 
to the Wilson-line phase even at the tree level. We also propose a dynamical mechanism of tuning 
the ratio mz/mw to the experimental value 91.2GeV/80.4GeV = 1.13 by introducing bulk scalars 
or bulk fermions with twisted boundary conditions. In these models the Higgs can vary in mass 
between zero and 290 GeV. 



I. INTRODUCTION 



The standard model has been in good agreement with current experimental data. The 
origin of the electroweak symmetry breaking, however, has not yet confirmed. As an al- 



ternative to the Higgs mechanism, the electroweak gau^e-Hfggs unification (EWGHU) has 
been considered for many years (for early works, see U [3, [J). In the EWGHU, the Higgs 



field is regarded as an extra-dimensional component of the gauge field in higher-dimensional 
space-time. If the gauge group is non-Abelian and the spatial extra dimension is multiply- 
connected, then the gauge symmetry can be broken by the non-Abelian Wilson line phase 
in the extra dimension (i.e., broken through the Hosotani mechanism) 4, 51. Furthermore, 

nriQ 

such Wilson line phases can be dynamically induced [4, Ig, 17|. One can define the effective 
potential with respect to the Wilson-line phases. The Wilson-line phases are dynamically se- 
lected as the phases that minimize the effective potential. This dynamical mechanism of the 
gauge-symmetry breaking by Wilson-line phases is referred as the dynamical gauge-Higgs 
unification. In the dynamical gauge-Higgs unification, both of the size of the mass and the 
magnitudes of the effective potential are almost of the order of size of the extra dimensions. 
Therefore, since possibilities of the TeV-scale extra dimensions are pointed out , the 



EWGHU scenario has been extensively studied in the context o: 
unification 



12, 3, 14, 3, 16, 17, Q, 19, 3, 
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the dynamical gauge-Higgs 
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However, in the construction of a realistic model of the EWGHU in the fiat extra dimen- 
sion, we encounter several obstacles. To see this, let us consider the models with "flat extra 
dimensions" . Here models with fiat extra dimensions are models such that (i) Extra dimen- 
sional space has vanishing curvature (e.g., a circle S*^ or n-torus T"). (ii) The metric of the 
spacetime is assumed to be "factorizable" , in other words, the metric of the four- dimensional 
space-time can be independent of coordinates of extra dimensions. The obstacles we will see 
in these models are as follows. 

(a) In models of the EWGHU with dynamical gauge-Higgs unification in a fiat extra 



dimension, we obtain too small Higgs mass. In [17| the Higgs mass rrih is estimated 
to be rrih = O{rnw\/o-w)i where aw = gl/4:H with the four-dimensional (4D) weak 
coupling (yf4. With mw = 80.4 GeV and aw = 0.032, we obtain nih = (9(10) GeV, 
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which contradicts the observation.^ 



(b) In models of the EWGHU in the flat extra dimension, the mass of the quarks and 
leptons tend to be universal and the mixing matrix of quarks to be diagonal, because 
the gauge coupling constant yields the "Yukawa couplings" of fermions to the Higgs 
in the gauge-Higgs unification. Therefore, it needs some other mechanisms to induce 
large mass hierarchy and mixings among fermions.^ 

(c) In the models in the fiat extra dimension, one of the simplest way to give different 
masses to fermions is to assign the different bulk mass term to each fermion. Then, in 
the EWGHU the mass of the lowest Kaluza-Klein (KK) mode of such a bulk fermion 



is estimated to be ^Q"^ jB? + m^, with the Wilson line phase compactification ra- 
dius R and bulk mass of the fermion mj. Thus, a fermion with larger (smaller) bulk 
mass can be heavier (lighter) in the four dimensional effective theory. Since the ef- 
fective potential decrease in size with increasing the bulk mass of the fermion lOj, it 
lead us to an odd conclusion: a light fermion (e.g., up-, down- quark or electron) has 
large contribution to the effective potential of the Higgs. The low energy dynamics of 
the EWGHU in the flat extra dimension looks very different from 4D models of the 
electroweak symmetry breaking by the Coleman- Weinberg (CW) mechanism |28 |. 



In recent years, models of electroweak gauge-Hi ggs unification in the Randal 



3G, 
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•Sundrum 



37]. We first 



(RS) space-time [29|] have been extensively studied 
summarize the merits of the dynamical gauge-Higgs unification in the RS space-time. They 
are 

(A) The hierarchy between electroweak and a larger scale (e.g., the Planck scale) are 
explained by the nature of the RS space-time |29|^, whereas the quadratic divergence 



of the Higgs mass is absent due to the higher-dimensional gauge symmetry 



Id, 



2l| 



(B) The extra dimension of the RS has the orbifold topology / Z2. On such space-time, 
can naturally obtain the chiral structure of fermions by boundary conditions at the 



we 



^ Ways of pushing up the Higgs mass by fine-tuning of the Wilson-Hne phase are studied in [2^ 
^ Some ways to obtain the Yukawa hierarchy in the gauge-Higgs unification are discussed in [19| , [26 1 



^ Attempts to obtain the large hierarchy within the framework of the flat extra dimension are seen in 



22, 



23|. 
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fixed points. Z2 projection also yields the Higgs field in the fundamental representation 
of SU (2)w from the gauge field in the adjoint representation of a gauge group which 
includes the SU{2)^ x f/(l). 

(C) In the RS space-time, we can obtain large mass differences among fermions by tuning 



bulk mass parameters of fermions of order of unity 



. In the same way we can obtain 



large mass hierarchy among fermions in the EWGHU in the RS space-time 34 1. 



(D) The mass of the Higgs will be lifted up to a few hundrec 
dynamical gauge-Higgs unification in the RS space-time 



GeV when we consider the 
33|. 



(E) When we implement the standard model in the RS space-time, the Higgs field (i.e., the 
5th-dimensional component of the gauge field) is naturally localized on the TeV brane. 
We note that such a localization of the Higgs on the TeV brane is usually req uired in 



the context of the 5D extension of the standard model in the RS space-time 



39 



4d, 



The dynamical gauge-Higgs unification in the Randall- Sundrum space-time is first con- 



sidered in 



30| and effective potential by fermion without bulk mass is evaluated in it. An 



appropriate form of the background gauge in the RS space-time and the calculation of the 
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33 



3l|. T 



34 



le phenomenological studies 



effective potential from gauge-ghost loop is studied in 
of the EWGHU in the RS space-time are seen in 

series of works [36|, based on the AdS/CFT dual or "holographic" picture [4^. The Wilson 



35|. We note that there are 



line dynamics in the warped extra dimension has also been studied in 
dimensional deconstruction 43j. 



37( 1 by means of the 



In the present paper we investigate the dynamical gauge-Higgs unification in the Randall- 
Sundrum space-time. The aim of the present paper is the following threefold. First, we 
evaluate the effective potential of Wilson line and discuss the gauge symmetry breaking by 
the dynamical gauge-Higgs unification and to evaluate the mass of the Higgs field. Especially 
we are interested in the one-loop effective potential for the loop of fermion with a bulk mass 
term. Second, we make clear the relation between the fermion mass spectrum and the 
effective potential in this model. In the case of warped extra dimension, the lowest KK mass 
of the fermion decreases in size with increasing absolute value of the bulk mass. Therefore we 
expect that in the RS space-time, a heavy fermion in the 4D effective theory will have large 
contribution to the effective potential and a light one has small contribution, as we have 
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seen in the CW mechanism. We will demonstrate it is true. Third, we use the dynamical 
gauge-Higgs unification in the RS space-time to construct a model of the EWGHU with 
realistic mass spectrum of fermions and a Higgs potential. 

The present paper is organized as follows. In Section [TTl we study the SU{2) gauge model 
in the RS space-time and evaluate the one-loop effective potentials from the fermion loop 
and see how the effective potential and the gauge symmetry depends on the bulk muss term 
of the fermion. In Section IIIIl as an application of the dynamical gauge-Higgs unification 
in the RS space-time, we reconsider the SU (3)^ gauge model as a toy model of EWGHU 
in the warped extra dimension. Section IIVI is devoted to the summary and comments. In 
Appendix 1X1 Approximation formulas of low-energy mass spectrum of fermions are collected. 



II. DYNAMICAL GAUGE-HIGGS UNIFICATION IN THE RS SPACE-TIME 



We consider the gauge theory in the the RS two-brane model [291]. The RS space-time is a 
slice of five- dimensional anti-de Sitter space-time AdS^, and the metric of the RS space-time 
can be written as 

ds^ = GuNdX^dX^ = e-^''^y^r]^^dx^'dx'' - dy\ (1) 

where the five- dimensional coordinates are = {X^ = x'^,X^ = y) {M,N = 0,1,2,3,4 
and /i, z/ = 0, 1, 2, 3). rj^^, is the 4-dimensional metric and rj^^, = diag(+l, —1, —1, —1). We 
assume that the function a{y) has the periodicity cr(?/ + 2ttR) = a{y) and the reflection 
symmetry at a{yi + y) = o-{yi — y) {i = 0, 1) with y = y^ = and y = yi = nR, where R 
is the compactification radius. In the present paper we assume that R is already fixed by 
some mechanisms (e.g. Goldberger-Wise mechanism I^J]). For —nR < y < ttR, we write 
cr{y) = k\y\, where k is referred as the curvature of the AdS^. Two boundaries y = yo and 
y = yi are referred as "Planck brane" and "TeV brane" , respectively. 

We consider a SU (2) gauge theory in this space-time. We also include a Dirac fermion 
\1/ in the fundamental representation, or A in the adjoint representation. The action of the 
gauge field and the fermion in the bulk space-time can be given by Sgangc + 'S'^,(a), where 
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S'gauge and 5"^, {ijj = '^,A) are given by 

5gauge = - jd'xj ^dy^\ ^g^'''g'''FMBFNs + C^f + C^tost , (2) 
= [d^x [ dy\E\ {^V'^'''n^7™^A/^ - kc^e{y)tPij} , (3) 

J J-ttR 

where Fmn is the field strength :Fmn = du^M — QnAm — ig[AM, An] and Am is the gauge 
field. Cgf and £ghost are the gauge-fixing and the Faddeev-Popov Lagrangian, respectively. 
The five dimensional 7-matrices 7™ are defined by {7m,7n} = 2diag(+l, — 1, — 1, — 1, — 1) 
(Small Latin indices m, n represent Lorentz indices and m,n = 0, 1, 2, 3, 4), and 7^ = —74 = 
— Z75. E^'^m is an inverse of the fiinfbein. \G\ and \E\ are absolute values of determinants 



of the metric tensor and the fiinfbein, respectively and \E\ = ^^/\G\ is satisfied, cq, and c\ 
are dimensionless bulk mass parameters for \1' and A, respectively. e{y) is the sign function: 
e{y) = +1(— 1) for y > (y < 0). We decompose a field $ad in the adjoint representation and 
$fd in the fundamental representation into $ad = J2l.=i '^i^ad /"^ ^^"^ "^m ~ ('^m"^'*' '^m"^'')^ 
(o"i is the Pauli matrices), respectively. 

As a gauge fixing, we choose the background gauge. We separate the gauge field into 
background and quantum fiuctuation A\,f. Am = A\j + A\,^. In the background gauge 
we write covariant derivatives of the gauge field, fermions in the fundamental and adjoint 
representation as 

D'mA'^n = 9mA^-^^?K/,^^], (4) 
Dl,k = Om + l^j^r bm, 7n] - [A'm, A] , (5) 

Dl,^ = dM + l^O^r bm, 7n] - tgAl,^, (6) 

where ujm is the spin connection and c<j^^ = —uj^"' = — cr'e~°"(5^ {n = 0,1,2,3), and other 
components vanish. We expect only y-component of the gauge field can have non-vanishing 
vacuum expectation value(VEV), i.e., = 6^.j{Ay). By choosing appropriate gauge fixing 
term 3^ and corresponding ghost term in the action, we obtain the quadratic action of A\^ 
and the ghost field u : 

5g = - jd^xjdyti [A'"'{n - V^)Al + e-2M^(n - D^D^e'^.)^, ^ e'^'^uiu - V^)uj\ (7) 

where □ = ri'^"'dmdn {jh^n = 0,1,2,3) and = DyC^'^^Dy, respectively. For later use, 
we introduce a new coordinate which is defined hj z = e^^^^ (0 < y < 7ri?). With this 



coordinate, equations of motion for gauge fields Aj^, {Az = Ay/kz) and fermionic fields 
i^L,R = Al,/?, *L,ij are given by 

UAl - ezDl-^DlAl = 0, (8) 

OAl - PzDlzDl^Al = 0, (9) 

{^-k[^ + l,Dt)]e-''^^P = 0, (10) 

where ^ = ?7™'"'7mC^n- Gauge fields A^^ = {aI^\A^^^/z) and fundamental (adjoint) fermions 
ipi ji = '^L^R (A-i /j) are decomposed into their Kaluza-Klein modes: 

Athx,z) = 5^/tL.(^)<., (11) 

n 

^i|^(x,z) = e'-J2fmni^)i^llR,nix). (12) 

n 

Here the left- (right-) handed fermions 4'l{r) are defined by i^LiR) = [1 ~ (+)75/2]'?A. When 
(Az) vanishes, or when an adjoint field = A'jl:^\ A^"''^ commute with the VEV of gauge 
field: [{A^), $^°''] = 0, we can simplify Eqs. ([8]), ([9]), (fTOj) . and we obtain wave equations for 
KK-mode functions as 

= -(-iln)V^Ij^) (13) 

. d d , 
z dz dz 



d d /ii,„(^) , (a) x2'^Ai,n(^) 

k -71^71 — : — = -(^aL) — : — (14) 



^ ~ ^) ^i^'""^^^ ^ ^i,nfi,n,ni^)- (16) 

For a field $ we obtain non-zero mode (m$ 7^ 0) solutions for (fT3|) . (fT4|) . (fT5|) . (fT6!) into the 
form of 

U{z) = z'^ [A$J„,,(m$2;) + 5$y;,,(m$z)] , (17) 

with 5$ = {1, 1, |}, a# = {1, 0, 1 ± c^}, and m$ = m<s>/k, for $ = {A^, A^, iPr/l}- 

At the two boundaries ?/ = (i = 0, 1), we define the Z2 boundary conditions, namely, the 
odd boundary condition: ^{x'^,yi — y) = —^{x^,yi + y) and the even boundary condition: 
^{x'^,yi — y) = +$(x^,?/j + y), when $ is the gauge boson or the ghost. For fermions 
ip = '$,A, we should write Z2 boundary conditions as 

ijix^'^yi-y) = ±ri^-f5ij{x^',yi + y), (18) 



where 77^ = 1. For the KK mode functions fis>,niy) = /$,n(e'^^^''), the odd boundary conditions 
can be written as 

U,n{y)L = o (^ = 0,1), (19) 



whereas even boundary conditions take the form of 36|, |40[ : 



dy 



= (z = 0,l), (20) 

y=yi 



where r$ = 1, 2 and ±c for ^ = A^, Ay and ipR,L, respectively. It would be convenient 
to rescale the KK mode functions ffTTl) and to define 



U-aiz) = Z'^'^' [A^^nJa^im'S>,nZ) + B^^nya^{m^,nZ)] (2l) 

where a$ = 1, 0, and 1/2 ± c for $ = A^, A^/z and ipR^i, respectively.'^ With (12T!) . we can 
rewrite even boundary conditions fl20l) into the form of dzfq>{z) = 0. 

In this model, the extra-dimensional components of the gauge field Ay can develop a non- 
zero vacuum expectation value (VEV) (Ay). Furthermore, since the non-simply connected 
topology of the extra dimension of the RS space-time, we cannot gauge away the Wilson-line 
phase : exp{ig f^^ dy{Ay)). This phase can change the boundary condition and therefore 
can change mass spectrum of fields due to Aharonov-Bohm effect [l^]. To see this, in the 
following we will consider one of the simplest but non-trivial case. In the beginning, we 
turned off gauge VEV and impose a Z2 boundary condition on the theory. It is 

A^{x, -y + yi) = +PiA^P}, Ay{x, -y + y,) = -PiAyP}, (22) 

here Pq = Pi = a-^. This boundary conditions ( !22l) arrows for and A]^"^ to have zero 
modes. Therefore this boundary condition break the SU{2) gauge symmetry to f/(l)3 with 
massless gauge boson A^f''. Due to the non-simply connected nature of /Z2 topology of the 
extra dimension of the RS space-time. Ay ' can develop a VEV. Without loss of generality, 
we can set {Ay) in the direction of Af\ As a zero- mode solution of (fT^ . we set gauge VEV 
as 

{A,{z)) = vz<j2, (23) 



We choose ry^ = +1 for -0. 
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where w is a constant parameter. The U{l)s gauge symmetry can be broken, if f 7^ and 
if the Wilson hne phase {W) = exp(z J^^ g{Az)dz) does not commute with the generator of 
the f/(l)3 : <y^/2. In the following we refer the gauge which is represented by non-zero VEV 
and Z2 boundary condition fl2^ . as the "Aharonov-Bohm gauge" or the AB-gauge. 
By using a gauge transformation 



Am ^ Am = ^Am^^ - -VLdM^\ (24) 

9 



VL{z) = exp 



^g / dCiA^iO) 



20 



exp 



-^'-^iz^ - 4)a, , (25) 



we move to an another gauge (A^) = 0. The boundary condition of the gauge fields Pi are 
also changed to Pf. 

P, = Po = as, Pi = e^'^'ase-''"' , (26) 

by the gauge transformation: Pj = Cl{zi) Pi Cl'^ {zi) . In Eq. fl2^ . 6 are given by 

= f {zl - zl) . (27) 

Thus we find that in this gauge the gauge field A\.^ obey the twisted boundary condition 
f l26|) dX z = Zl, whereas the Wilson-line phase becomes trivial {W) = 1. We refer the gauge 
with vanishing gauge VEV and with the boundary condition (|26|1 as the (twisted) boundary 
condition gauge or the BC-gauge. 

In the analogous way, we can set boundary conditions and perform gauge transformations 
of fermions. We can write the boundary conditions of \E' and A in the AB-gauge as^ 

^{-y + yi)=V<i^Pi^{+y + yi), A{~y + yi) = VApM+y + yi)Pl , (28) 

with 77!^ = 1. For simplicity, hereafter we set r^^ = ?7a = +1. 

In the BC gauge, since the gauge VEV {A^) vanishes, we can solve the wave equations 
([I3])([I4!)([I51)([I61) for ^(*=i'2), A^^^'^^ and A('=^'^l As an example, we consider the right- 
handed fundamental fermion "^j^' with bulk mass c. In the BC gauge, wave functions take 
the form of 

fSni^) = z'/' {a^^Jc^i/2iAnz)+b^^Y,^i/2im^z)} (z = 1,2), (29) 



^ For simplicity, we assume that all boundary conditions take same form as gauge field, nevertheless the 
boundary conditions of all fermions are not necessarily the same as the gauge fields. 
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where a„ and 6„ are constant, and we set rhn^ — rhn^ = fhn- By solving twisted boundary 
condition in BC gauge (or by going back to AB gauge by gauge transformation ^ — > i|f = Q^, 
with O = (r^)^^ and considering the even (odd) boundary condition of Z^^"* (f^^) aX z — 2^0,1)) 
we obtain conditions: 

(-aW sin6' + a^^^ cos 9) J c+\/2{rhnZi) + (-6^^) sin 61 + h^"^^ cos e)Yc+\/2{rhnZi) = 0, 
(aW cos^ + a(2) s\ne)Jc-i/2{mnZi) + (6^ cos^ + a^^) sin ^)Fe-i/2(m„-2i) = 0, (30) 

(z = 0,l). 

In the same way we can write the boundary condition of ^m^^ ^^lr- These 

boundary condition can be written in the form of 



where = {af ,hf ,a^i\h^i>) for $ = Ai';A\ and = (a^^\ a^^\ for ^ = 

The matrix M$ is defined by 



M$(m)V$ = 0, 



(3,1) A (3.1) 



(31) 



(1) ,(1) ^(2) ,(2), 



M$(m) 



(-siJa{rhzi) -siYa{mzi) ciJa{rhzi) ciYairhzi) \ 

-SoJa{rhZo) -SoYa{rhZo) CoJairhZo) CoYa{7hZo) 

CiJa-iimzi) CiYa-i{mzi) SiJa-iimzi) SiYa-i{mzi 

\coJa-i{rhzo) CoYa-i{rhzo) SoJa-i{rhzo) SoYa-i{mzo) J 



(32) 



where a — 1, 0, c + 1/2 and c — 1/2 for A^, A^, ipR and ipL (% — +1); respectively. Sj and 
Ci are defined by 



Si{Ci) = Sm(cOS) I ^i:; — 5 5- + d$ 



where 5$ = for $ = Ar, and 5$ = -7r/2 for <l> = A^j^ijA^. The factor n$ 

depends on $'s representation of the gauge group. In SU (2) case, — 1 (2) when $ is 
in fundamental (adjoint) representation. The n-th Kaluza-Klein state of the field $ has a 
mass m$,„ = fcm$,n, where the m$,n are defined as a n-th smallest solution of the equation: 

det M$(rh) = 0. Defining 

- N 2cos(n$^) 

+ -rn^Zi{F^^a-l{rh, 2;i)-Fa-l,a(?^, ^1) + K,a{^^ ^l)-^a-l,a-l(?^, ^1)) (34) 
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FIG. 1: Plot of Xn=i,2,3{^ + c,9) (see text), for various 6 and for |c| = 1/2 (left), |c| = 1/4 (center) 
and |c| = (right) with fixed kR = 12. The n-th zero Xn of N(9,x/zi, ^ + c) corresponds to the 



n-th KK-mass m„ by the relation m„ = kxn/zi. 

x„ c=l/2 x„ c=l/4 



— fi(rad.) 




e(rad.) 



c=0 




fi(rad.) 



(where Fa^p{m, z) = jQ,(m2;)ya(m) — J fj{m)Ya{mz) ), we rewrite the condition det M$(m) 
as 



where and n$ are given by 



iV(n$6', m, 0;$) = 0, 



(35) 









a$ 


n$ 


.(1-3) 




1 


2 


.(2) 






1 







.2) 


1 
2 


+ 


1 


A(i- 


>3) 


1 
2 


+ Ca 


2 


A(2) 




1 
2 


+ Ca 






(36) 



Let x„(a, ^) be the n-th smallest non-negative zeros of A^(^, x/zi, a). Thus, the n-th Kaluza- 
Klein mass of the field $ : m<^ „ is given by 



{k/ zi) ■ Xn(Q;<i>, nq>0). 



(37) 



In FIG. m we plot Xi{\+c, 



1, 2, 3) which are first three smallest zeros of N{9,x/zi, h+c) 



with kR = 12. We see that the mass spectrum largely depends on 6 when |c| is small, 
whereas the dependence on 6 become smaller for larger |c| (here we note that N{6,x,a) 
has a symmetry N{6,x,a) = N{6,x, 1 — a), as shown in Appendix B of 3J]).^ From the 
dependence of x„(a, 9) as we have seen above, we can expect that the the effective potential. 



^ FIG.[l]of the present paper and FIG. 1 in 3j| are similar to each other, although in each figure different 
parameters are changed (|c| in the former and kR in the latter.) 
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which is obtained by summing up all of the Kaluza-Klein mode, has large (small) dependence 
on 9 when |c| is small (large). 



We evaluate the 1-loop effective potential in a similar way as 
calculate the one-loop contribution of a fundamental fermion ^ . This is given by 



4/ = -4 ■ 



i(27r) 



^log(-p^ + m^), 



. As an example we 



(38) 



where d defined as c? = 4 — e, is the renormalization scale, and m„ is the n-th positive-real 
solution of N{9, m/k, | + c^) = 0. The coefficient —4 reflects the four degrees of freedom of 
a Dirac fermion and the minus sign for the fermion loop. After performing the dimensional 
regularization, we can write / as 

r(-2 + e/2) 



2 



(47r)2-^/2 

Here the summation Yin * "-^^^ rewritten as a contour integral: 



(39) 



dz z 



c N{e,z,\ + c^)' 

where the path C is a set of all circles surrounding each zeros of N{6, z, \+c^^\ 
real axis. The contour integral in ( HOl) can be calculated in a similar way to 
find that ^-dependent part of / is finite. 

v{6, \ + c^^) + (^-independent). 



(40) 



on the positive 



30 



31 



46|. We 



327r2 \zi 
where f (6*, z/) is defined by 



(41) 



Jo 



dx log 



1 + 



1 / Iu{ax)K^^i{x) Iy{ax)Ky{x) 



2 \Iy^i{x)Ky{ax) Ii,{x)Ky{ax) 



Iu-i{ax)Ky^i{x) ^ I^_i{ax)K,y{x) 



I^^i{x)Ki,_i{ax) ' I^{x)K^_i{ax) 
Iiy-i{ax)Iu{ax)K^^i{x)K^{x) 



cos 9 



Ii,_i{x)Iy{x)Ky_i{ax)Ky{ax) 2ax'^ Iu^i{x)Iy{x)Ki,_i{ax)Ky{ax) \ ' ^ ^ 
with a = 1/zi. This function v{6, v) has a symmetry v{9, v) = v{6, 1 — u), and a periodicity 



V{9,u) = v{e- 

in Eq. (18) of 



27r, v). The function fj42l) with u = 1 becomes the same form as the integral 



3l| . Furthermore, when z/ = 1/2 we can rewrite v{6, 1/2) as 

4 



vie, 1/2) 



1 — a 
1-a) 



dt log 



1 - 



cos 9 



+ (^^-independent) 



cosh 2t 

{-fRe [Li5(e^^)] - ^((5)} + (^-independent). 



(43) 
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FIG. 2: Plot of v{e, 1/2 + c) with |c| = 0.0(thm solid), |c| = 0.4(dashed) and |c| = 0.5(thick solid). 
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FIG. 3: Plot of /\v{l/2 + c) = v{ti, 1/2 + c) - v(0, 1/2 + c) with a = exp(-127r). 
1.5 




where Lirf(x) is the polylogarithm and C^{x) is the Riemann zeta function. ReLirf(e*^) can be 
expanded as ReLirf(e*^) = cos?26'/'ri'^, or expanded as ReLi5(e*'^) = C(5) — |C(3)a;^ + 

— log x) + 0{x^). The expression fH3l) coincides with the result obtained in Sec. 
IV of Ref. 30|. The shapes of v{6, v) with respect to 9 with different v are similar with each 
other (FIG. [2]). We show dependence of amplitude At>(i + c) = f (vr, \ + c) — f (0, | + c) on 
c in FIG. 131 In the case of flat extra dimension it is known [l^, [l^l that the contribution 
to one-loop effective potential from a field dumps when the bulk mass of the field is much 
larger compared to (the inverse of) the size of the extra dimension. It is also true for 
the models in the RS space-time. However, in the RS space-time the relation between 
the effective potential and the 4-dimensional mass of the field is different from the case 
of flat extra dimension. Therefore a fermion with the large lowest KK mass can have a 
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FIG. 4: The ratio Vr{d,c)/{xi{\ - c,e)f (see text) with kR = 12, for c = 0.5 (thick sohd), 0.4 
(thin sohd), 0.2 (thin dashed) and 0.0 (thick dashed), respectively. 
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large contribution to the effective potential. To see this, let us see the relation between the 
magnitude of the effective potential and the mass of the fermion at the lowest KK level. 
The lowest KK mass m{c^,) of a SU{2) fundamental fermion with bulk mass is given 
by m(c^) = {k/zi) ■ Xi(i ± c^,^^). And we define the magnitude of the one-loop effective 
potential from the fermion as Vr{9^c) = v{6,c) — v{0,c). In FIG. HI we show the relation 
between Vr{9,c) and the square of xi(| — c,9). From FIG. IH it can be safely said that 
the magnitude of the one-loop contribution to the effective potential is proportional to the 
square of the lowest KK mass of the fermion when the absolute value of bulk mass of the 
fermion is sufficiently large. This means that when the fermion's lowest-KK mass is small 
(large) the contribution of the fermion to the effective potential is small (large). 

Now we are ready to discuss the gauge symmetry breaking by Wilson line phase. The 
effective potential of the SU{2) model consists of gauge and ghost loop contribution V^h, 
contribution from the fundamental fermion ^ Vfd and/or in adjoint fermion A: V^d- They 
are given by (^^-independent part is omitted.), 

V^^{e) = 3C-t;(2^,l), 

Vfd(^,c*) = -AC-v{e,\ + c^), (44) 
Kd(^,CA) = -4C-t;(2^,i + CA), 

where C = (A;/zi)^/327r^. In the AB gauge, the SU{2) gauge symmetry is at first broken 
by the boundary conditions Pq.i. The generator T^^^ commutes with both of the boundary 
conditions and becomes the generator of the f/(l)3 gauge symmetry. When the Wilson-line 
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phase becomes non-trivial and does not commutes with T^^\ the remaining f/(l)3 gauge 
symmetry could be broken. The Wilson-line phase is determined dynamically as a configu- 
ration which minimize the effective potential. As a first example, we consider the model in 
which the gauge field and a fundamental fermion is included. The effective potential in this 
case can be written as Vgh{6) + Vfd(6',c^). This potential has a global minimum at 6* = vr 
(0 < < tt) for any value of c^. When 6 = it, the f/(l)3 gauge symmetry remains unbroken 
because the Wilson-line phase {W{9 = n)) = exp [ina2] = diag(— 1, —1) can commute with 
the f/(l)3 generator T^^\ As a next example, we consider the model in which the gauge field 
and an adjoint fermion with bulk mass ca are included. We can write the effective potential 
as Vgh{6) + K,d(6',CA). This has global minima at 6^ = 0, vr (0 < < vr) for |ca| > 0.507, 
and has a global minimum at ^ = ~ 7i/2 for |ca| < 0.507. In the latter case the the 
non-trivial Wilson line (1^(0™™)) ~ exp [z(7r/2)cr2] = iai cannot commute with T^^\ Thus 
the f/(l)3 gauge symmetry can be broken by the Wilson line, as seen in the case of flat-extra 



dimension 



271]. And the pattern of the symmetry-breaking depends on the bulk mass of 



the fermion, as seen in 



18| in the case of the flat extra dimension. 



III. SU(3) MODELS 

In this section we consider models with the SU{3)u] gauge symmetry in the RS as an 
extension of electroweak theory. 

A. SU{3)^ model 

In this model, the electroweak SU{2) x U{1) gauge symmetry is enlarged to the SU(?>)w 
gauge symmetry. We deflne generators of SU{?>)u, as T°- = Aa/2 (a = 1, ...,8), where Aq are 
the Gell-Mann matrices. We also deflne = A9/2 and T^^ = Aio/2 (Ag = diag(0, 1, —1) and 
Aio = diag(— 2, 1, l)/ y3) as generators of U{l)g and f/(l)io gauge symmetries, respectively. 



Following the way in [15 



13, 



341 ] ■ we introduce S'f/(3)^-triplet fermions, namely "quarks" 



^fd=u,c,t, and "leptons" ^fd= 



■e,ii,T- 



^Sclf'^^ = (d(s,b)/, u(c,t)/, u(c,t)^)^, ^e{/.,r) = {'^e{t,,T),h e(/i, t)/, e(/i, r)^)^, (45) 

where the superscript (c) denotes the S'f/(3)coior-charge. For simplicity, we introduce the 
bulk mass terms of \I'fd flelds in the diagonal form, i.e., the mass terms for fermions in the 
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action is given by 

mass ~ 

fd J 

in SU {3)w gauge basis. Cfd is the bulk mass parameter of the fermion \l/fd. If the mass matrix 
is not diagonal, various phenomena of the flavor-mixing will be observed [4^. 

In order to break the SU (3)^ to the "electroweak" SU (2) x U (1) symmetry, and to obtain 
chiral fermion zero modes, we chose the orbifold boundary condition in the AB-gauge as 

Pi = diag(-1,-1,+1) (^ = 0,1). (47) 

When we turn off the gauge VEV (A^) = 0, the SU{3)w symmetry is broken to SU{2)w x 
U{\)^ only by the boundary condition (H7I) . where the unbroken generators of SU {2)yj and 
U{l)s are T'^^''^'^^ and T'^'^\ respectively. Gauge fields and yl^'^'^'^''^^ have massless 

modes. Zero modes of the fermions \I'u,o and \E'e,o are given by'' 

^,,0 = (djji, ujji, u^r)^, ^'e,o = (z^;,L, e/,L, e,,ij)^, (48) 

where the superscript C denotes the charge conjugation (here we omitted indices for the 
color charge). The zero modes of A^z'^'^''^'' can develop a VEV. Here we assume that 
develops a VEV in the direction of A7. In the AB-gauge, we set 

/ \ 

z 



9 



—I 



(49) 



V ' J 

where 9h is the Wilson-line phase parameter which will be determined dynamically. Once 
the gauge VEV is turned on : 6^ ^ 0, the SU{2)yj symmetry is broken, and "up type 
quarks" u, c, t and "charged leptons" e, yU, r get each mass terms through the gauge coupling, 
i.e., '^uQAz '^u- We can move to the BC-gauge by the singular gauge transformation with 



We choose r?* 
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Q = exp^iOn^r)- This gauge transformation reads 

- I _ ( sin 9h 

A^^ - iAf] J y- sin Oh cos 0h 

'AfA ( cos 29 H sin 29 H 
^mJ \-sm29H cos 29 H 
cos 9h sin 9^ 




(50) 
(51) 
(52) 



sin 6*// cos9h 

Thus under the gauge transformation A^/^'', ^m^^ and transform hke a SU{2) fun- 
damental field respectively, whereas A^'^'' transforms like SU (2) adjoint field in the previous 
section. Each pair of the gauge field zero modes (A^*o, ^i'^o) iihj) = (1) 4), (2, 5), (9, 6))) and 

(2) (3) 

fermion zero modes (^I/f^ l c i? o) "^^^ obtain mass terms through the gauge coupling. We 
define these massive field as A^lf^'^\ A^^^\ ^m~^^^ and \1>(2^3)^ respectively. Zero modes 
oi4'\AP and ^[Jo ^ remain massless. Especially, A^^q' and A^P are identified with the 
t/(l)io gauge field ("photon") and one of the S'^7(2)i„-doublet "Higgs", respectively. These 
fields are massless at tree level. 

The n-th KK masses m$^„ of a field $ are given by m$^„ = (k/zi) ■ x„(a$, 11^9^), where 
a$ and riq, for a field $ are summarized in (!53l) . 



Atr' 1 2 

1 

^(2^3) 1 

o + Cfd i 



(53) 



fd 2 
*M l + Cfd 



Now we discuss about the fermion masses in the 4-dimensional effective theory. We define 
the function of the lowest KK mass of a field $ /i(a$, 9hi n^^) as 

k 

^{a^,9H,n^) = — Xi(a$, n$6'j|/). (54) 



As pointed out in [3J], it is useful to write the mass of the fields in unit of the W-boson 



mass mw We rewrite fi{a,theta,n)) as 



n{a^,9H,n^) Xi{a^,n^9H) 

fiw{a<f,9H,n^> =mw tt—t. — — = mw a \ ^ (55) 

H{1,9hA) xi{l, 9h) 
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here we have used mw = /^(l, ^ir, !)• With these quantity we can write the lowest KK- 
mass of fields. For example, masses of "quark" and "lepton" m{d=u,c,t,e,^l,T can be written as 
md = f^wil + cm,Oh, !)• 

If the mass of a field is sufficiently smaller than rriKK = 7rA;/(zi — 1), we can utilize 
approximation formulas in Appendix \M For kR = 12, Timw /f^^KK ~ 3^1(1,^) ^ 0.2326. In 
the region < < vr, rnxK is a monotonically decreasing function of Oh-, and we find the 
lower bound : 

rnxK > rriKKiOH = vr) ~ 1086GeV. (56) 

Since quark and lepton masses are all sufficiently smaller than rriKK^ lower bound (156|) . 
we can use approximation formulas in Appendix |A] to rewrite the mass of a fundamental 
fermion with bulk mass Cfd. It is written in the form of 



- (I ^ a ^\ I ^i(cfd + |)(cfd-^)A;i?7r 
mm - fJ'w{2 + Cid,OHA> = mw\ L, . , 1., p 1 . 1. , p T (57) 



2sinh[(cfd + ^)kR7!-] sinh[(cfd — ^)kR 



■IT 



We see from ( 1571) that masses of "quarks" and "leptons" are almost independent of 9h- 
Therefore we can find values of bulk mass Cfd for each "quarks" and "leptons" from its 4D 
mass irrespective of the value of 6h which is obtained by solving the Wilson-line dynamics. 
Thus, from the formula fl57j) . we obtain bulk masses of "top quark" Ctop and other "quarks" 



and "leptons" 
way similar to 
potential: 
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34]. We obtain Ctop — 0.4366 and |cu,c,e,/i,r | > 0.6, respectively. In the 



16 



17l | but extended for the warped space-time, we obtain the effective 



Kff"*" ~ V^auge + Vtop, (58) 

W = +3C ■ [2v{eH, 1) + v{2eH, 1)] , (59) 

Kop = -3-4C-^;(^^^,i + Ctop), (60) 

where we have neglected contributions from other quarks and leptons, because they have 
small contributions to the effective potential with their large bulk masses. The factor 3 in 
Vtop reflects the degrees of freedom of S'[/(3)coior-color charge. The effective potential V^^"*"* 
has the global minimum at 6h = tt. The Wilson-line phase with 6h = tc (in AB-gauge) is 

{W{eH = vr)) = exp [tnX-r] = diag(l, -1, -1), (61) 
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and it can commute with both of boundary condition Po,i and with both of two U{1) 
generators T^^^^ and T^^^ simultaneously. Hence the SU{2)^ x U{l)s symmetry is broken to 
U{l)g X ?7(l)io. Besides the "electro-magnetic" U{l)io, one extra U{l)g symmetry remains 
unbroken. 

When the effective potential Vcs{6h) has the global minimum at 6h = the one-loop 
Higgs mass m/j is written in terms of m^y as 

kR 



CSC 



/Qmin 



(62) 



where aw is 4D fine-structure constant of SU{2) before the symmetry breaking^, and 
(2)^^mm^ = d'^V^s{9H)/del\g^^0min. By substituting mw = 80.4 GeV, aw = 0.032, 



V^s = Kl and ef"" = vr into ([62]), we obtain rrih ~ 119.7GeV. 
larger than the lower-bound m/j > 114GeV from the LEP experiment 



'his value is slightly 



48|. 



B. SU{3) model with an adjoint fermion 

In this subsection, we add an SU (3)^ adjoint fermion A into the model to break unwanted 
U{l)g symmetry.^ When we turn off the gauge VEV in the AB-gauge, the Z2 boundary 
conditions A(?/j — = ■y^PiA{yi + y)P^ with -Pj=o,i defined in P7|) . This boundary condition 
projects out the half of the zero mode of A*^^"^-*, and leaves the four left- and four right- 
handed massless fermions. Once we turn on the gauge VEV in the direction of Ay, pairs 
of left-handed and right-handed fermions (A^'', A^''), (A^\ A^^'*), (A^^"*, A^"*), and pairs with 
opposite chiralities (e.g. (A^^'', A^'*)) yields massive fermions: A*^^^^\ /^C^^^) and A*^^^^-*, 
respectively. The ra-th KK mass the field $ = A^*) is given by m$^„ = {k/ zi)xn{a^,n^9H), 
where a$ and n$ are 





Q;<j> 






\ + Cad 


1 


^(9^6) 


\ + Cad 


2 




\ + Cad 






(63) 



® The 4-dimensional coupling is given by — /ttR. 

^ One of another way to break the symmetry is to assign quarks and leptons into larger representations of 
SU(i)yj, as discussed in 



24|. 
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with Cad being the bulk mass parameter of the adjoint fermion A. With these values we 
obtain the contribution to the effective potential from the adjoint fermion, which is given by 



Kdjoint(Cad, Oh) = -4C ■ [v{2eH, \ + Cad) + 2t;(^h, \ + Cad)] . 



(64) 



Hence the total effective potential is given by 



V;J+*+'^<^(Cad, Bu) = Vgh(^i/) + V,,p{9h) + Kdjoint(Cad, Oh))- 



(65) 



for various Cad 



In FIG. El shapes of Ai;eff(cad, ^h) = [Kl'^*+''(cad, ^//) - Kr*^''(cad, vr) 
are shown. When |cad| ^ 0.413, the effective potential has a minimum at 6h = Oh^^ where 



AVeff/C 




0.7\ 0.8 



1 1.2 /1.3 



OuiTT rad.) 



FIG. 5: The plot of Av^ff {cq^, 9 h)/C (see text), for Cad = 0.50 (dashed), 0.413 (thick solid) and 
0.35 (thin solid). 



< 0™° < 7T. The Wilson-line phase (W) = exp{i6^^^Xj) cannot commute with if 
< < 71. Therefore the U{l)g gauge symmetry is broken and we obtain the breaking 
: 5'f/(2)u; X U{l)s f/(l)io. When the bulk mass of the adjoint fermion becomes large: 
|cad| ^ 0.413, the contribution from adjoint fermion Kdjoint becomes negligible. Thus the 
effective potential has the global minimum at = vr and the U{l)g remains unbroken, as 
we have seen in the previous subsection. 

When U{l)g is broken, the massive "Z-boson" should be identified with lowest KK mode 
of A^^^^\ The Z-boson mass mz is given by 



mz = /ii4^(l,6'H,2) ~ /iH/(l,6'H,2) = mH/| sin(6'H) csc(6'h/2)|. 



(66) 



The ratio mz/mw depends on the Wilson-line phase 6h and, is a monotonically-decreasing 
function of Oh for < < vr, and vanishes when Oh = tt. The massless gauge boson which 
appears when 6'^;/ = vr is the gauge boson A^^^ of U{l)g symmetry. At the limit Oh —>■ 0, mz 



20 



and mw satis: 



dimension 



a relation mz = 2mw- This relation can be seen in the case of fiat extra 



1( 



20]. In the case of the warped extra dimension with kR > 0, mz {itlw) 



dependence on 9h is mz oc sin 6^ ijnw oc sin OhI'^), whereas in flat dimension mz oc 29 h and 
my/ oc 9h- When — > 0, the small correction to the approximation in Eq. fpBl) becomes no 
longer negligible. Thus we can expect that in the small k limit the ratio mz/miy/ approaches 
to one in the case of fiat extra dimension. We should note that the change of mz/m,w occurs 
at tree level by varying 6h, unlike the radiative correction to the T-parameter. 

Now we estimate the lowest KK-masses offermions A^*""^), = (1, 4), (2, 5), (6, 9): 



m. 



Recalling Eqs. (lA2l) and ( lA3!) . we obtain = = /iTy(|+Cad, Oh, 1) = "^adi 

and m^^^^^ = fiw{^ + Cad,^/i',2) = mad2- We should note that a relation madi/'^ad2 — 
mz/mw holds as long as all ^«adi,ad2,z,iy are sufficiently smaller than mxK- Two massless 
fermions with opposite chirality: A^^q and A^ remain at tree level. As an another physical 
quantity we can obtain the n-th Kaluza-Klein photon „ mass which is given by „ = 
{k/z,)xT, where x^n^ is the n-th smallest positive solution of Fa^^i)- / zi, x) = and xf^ ~ 
2.4466. 

In this model, by fixing values of unknown parameters kR and Cad, the global minimum 
of the effective potential is determined and we can obtain the value of 6*™° at which the 
effective potential has the global minimum. From Cad and 6'™'^ (and effective potential (l65ll ). 
we can calculate 1-loop Higgs mass mh and tree level masses of vector bosons mw, 
and of adjoint fermions madi,ad2, 1st KK-photon mass m^^i, and the KK scale mxK- In 
TABLE, m we have summarized these masses for specific values of |cad| < 0.4. In FIG. [6], we 
have shown the masses madi, 'n^ad2, '^z, and mh for |cad| > 0.38 with kR = 12, aw = 0.032 
and mw = 80.4 GeV. In the region |cad| ^ 0.413, all of these masses are monotonically 
decreasing function of |cad|- When |cad| ^ 0.413, we obtain 6'™'^ = n. Thus mad2 and mz 
vanish in this region. The mass of the Higgs also decreases with increasing |c| for larger 
|cad| as long as |cad| ^ 0.413. For |cad| ^ 0.413, however, the mass of Higgs increases and 
closes to ~ 120GeV, because the contribution from the top quark becomes dominant in this 
region. 

So that mw = 80.4 GeV and mz = 91.2 GeV satisfy the relation ^^'"^ ~ 0.6167r is 
required. This value of is, however, smaller than the lower bound > 0.7337r which 
is obtained by solving Wilson-line dynamics. Furthermore, it seems unlikely to push up 
(down) the mz (^h") just by introducing more adjoint fermions, because the minimum of 
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TABLE I: The Wilson-line phase Ofj-"^ at which the effective potential has the global minimum, 
the mass of Higgs at 1-loop order, tree level masses of Z-boson, adjoint fermions madi,'7iad2, KK 
scale rriKK, and 1st Kaluza-Klein mass of the photon m^^i, for various bulk mass c^d of the adjoint 
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FIG. 6: Plots of m-adi (thin dashed at the upper-right corner), mad2 (thick dashed), mz (thin sohd) 
and nih (thick solid) for Cad : 0.45 < |cad| < 0.55, with kR = 12.0 and aw = 0.032. 
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the Kdjoint(^if) locates at 9h ~ 0.6897r and we cannot make 9^™ smaller than 0.6897r only 
by introducing more adjoint fermion into the model. In the following subsections we try to 
push up (down) niz (6*^"^, by adding some scalar fields or twisted fermions. 
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C. Adding Scalar Fields 



The action of a bulk scalar field 5* can be written as [40| 

d^x / dy ^^\{{DmS)\D^'^S) - {ssk^ + tsa")S^S} , (67) 

J-nR 

where ss and ts are the bulk and boundary mass of the scalar field S, respectively. When 
ss and ts satisfy the relation: 



2-ts = V^TJ^ = u, (68) 

the KK-mass spectrum of such scalar becomes identical to a fermion field with the bulk 
mass c = ±(z/ — 1/2), and the contribution to the effective potential par degrees of freedom 
turns out to be just same magnitude but with opposite sign as the one from the fermion in 
the same representation of SU{3)w Hereafter we consider the case where boundary- and 
bulk-masses of scalar fields satisfy the condition (IMj) . 

Now we propose a way to lift up (put down) the Z-boson mass (6*™"^) by introducing 
scalar fields into the model. We add one or more scalar fields >S'j(/ = 1, . . . , A^^, a = 1, 2, 3), 
which are in the fundamental representation of SU{3)iu, into the model. The contribution 
to the effective potential from such scalar fields is given as 

Ns 

l^scalar = +2C^t;(i + 6/,^H), (69) 
/=1 

where bj {f = 1, . . . , Ns) are mass parameters of the scalar Sj and related with the boundary 
and bulk mass parameters ts^, ss^ by ts^. = bf ^ 3/2 and ss^ = bj: ±bf — 15/4. The total 
effective potential is given by = y^^^^^^'^ -\- Vscaiar- For simplicity, we use an 

approximation of Eq. fl69l) . which is given by 

Kcaiar^-e-C-ReLi5(e^'), (70) 

where we have introduced a dimensionless parameter ^ = ^(&/),0<.^< f^s- Since 
Scalar (^h) has the global minimum at 6h = 0, we can shift the location of the minimum 6^^^ 



For simplicity, we do not include scalar quartic terms. Therefore, we do not consider the case in which 
the scalar fields develop VEVs and cause Higgs mechanism here. The cases in which the Higgs mechanism 



and the dynamical gauge-Higgs unification coexist are discussed in 49 1 
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FIG. 7: The dependence of ^l^™ as the minimum of on the scalar contribution ^, for 

Cad = 0.0 (thick sohd), 0.3 (thin sohd), 0.4 (thin dashed) and 0.45 (thick dashed). FIGCKb) is a 
close-up view of[71-(a). In both (a) and (b), the solid horizontal line shows Oh = O.GlGvr. 
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TABLE II: Mass spectrum of SU (3)^ models with an adjoint fermion and scalar fields which makes 



'H 



O.eiGvr. 
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0.0 
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mh(cad,^|/,r)[GeV] 


291 


285 


266 


231 


205 


169 


"ladl(Cad,6'H) [GeV] 


349 


342 


320 


279 


249 


209 


"iad2(cad,6'H) [GeV] 


396 


388 


363 


317 


283 


238 



of y^^+^+^+^ Q ]-,y increasing the value of ^. Thus in this model we can change the ratio 
mz/m\Y by tuning adjoint fermion mass Cad and the scalar field contribution parameterized 
by ^. In FIG. Wia) and (b), we have shown how 6'^™ depends on ^. FIG. [7] tells that 
0mm ^ o.GIGtt can be achieved by tuning C, for any value of Cad- Thus for a given value of 
Cad, we can define = ^'^(cad) such that y^^+^+^'^+'' has the global minimum at 6h = O.GlGvr 
with ^ = In TABLE. [Tll we summarized the value of for each value of Cad- And we 
re-calculate masses rrih, madi,2 with ^'^ and = O.GIGtt. The KK-scale rriKK and the first 
KK-photon mass at 6h = O.GlGvr are 1331GeV and 1037GeV, respectively. 

One may wonder why the Higgs mass becomes larger nevertheless scalar field may cancel 
the fermion's contribution. The reason can be explained as follows. First, we remember that 
Vadjoint(6'//) and Kcaiarl^//) have similar shape to cos29h and —cos9h, respectively. Then 
the contribution of the adjoint fermion to the Higgs mass (i.e. the curvature of K,djoint(^ff)) 
has the maximum around at 6h ~ 7r/2, whereas one of fundamental scalars vanishes at 
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9h ~ vr/2. Thus the Higgs mass becomes small when the 9h closes to 7r/2. 



D. Twisted Fermion 

An alternative way to shift the Z-boson mass in the SU{'i)w model is to introduce one 
or more "twisted fermions" ipt^, which boundary condition is twisted even in AB-gauge. As 
an example, we consider the case where V'tw is in the fundamental representation of SU{2i)w. 
As a possible boundary condition of V'tw in the AB-gauge, we define 



where Pi is defined in (1471) and ?7tw = ±1- When we introduce A^^^ copies of such twisted- 
fermions ipl^ {i = l,...,Nt) with (f = tt into the model, the contribution to the one-loop 
effective potential induced from such fermions is given by 



where cl^ is the bulk mass parameter of iplw Since f (z/, 9 + n) ^ —vi^u, 9), we can make use 
of the result of Sec. IIII CI by replacing l^caiar in (Troj) with Vt„ and Ns/2 with Nt. 

IV. SUMMARY AND COMMENTS 

In the present paper, we investigated the dynamical gauge-Higgs unification in the RS 
space-time. In Sec. [Ill we consider the SU(2) gauge theory in the RS space-time. We 
calculate one-loop effective potential with respect to the Wilson-line phase. Especially we 
clarified the contribution from a fermion with the bulk mass parameter c. The obtained 
effective potential properly inter /extrapolates the results which are known for |c| = 0, 1/2. 
We see that the gauge symmetry can be broken by dynamically-induced Wilson line when 
we introduce an adjoint fermion into the model and that the breaking pattern of the gauge 
symmetry depends on the bulk mass of the adjoint fermion. 

In Sec JIIII we consider SU {3)w gauge models in the RS as toy models of 5D extensions 
of the electroweak theory. We found that it is possible to break SU{2) x f/(l) to U{1) 
by introducing an adjoint fermion. The large mass hierarchy among quarks and leptons 



V^tw(a;, yi + y)= r]t^l5Ptw,ii^{x, yi -y) {i = 0, 1), 
Ptwfi = Po, Ptw,i = exp{iip\7)Pi exp{-iipX7), 



(71) 
(72) 




(73) 
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are naturally obtained by adjusting their bulk mass parameters of the order of unity. We 
calculate one-loop Higgs mass numerically. In the SU{3)w model the Higgs mass can be 
changed from zero to ~ 290 GeV with kR = 12.0. We have also estimated mass spectrum of 
this model for various value of mass of the adjoint fermion, which are determined by the RS 
parameter kR and bulk mass parameter of the adjoint fermion. Interestingly, these predicted 
masses of Higgs and new fermions are in the range where LHC experiment can explore. In 
this model, we see that the ratio of ly-boson mass to the Z-boson mass varies with respect to 
the Wilson-line phase. This occurs at tree level. We find the way to tune the ratio mz/my/ 
to satisfy the reahstic one ~ 91.2/80.4, by introducing SU{?>)w fundamental scalar fields 
with the bulk and boundary mass terms which satisfy the relation fl68p . or fermions with 
twisted boundary condition. Unfortunately, the SU{?>)u, model still has some problems, e.g., 
varying mz/mw may occur due to the lack of custodial symmetry in this model, some SM 
and non-SM fermions remain massless, and quarks and leptons cannot have correct isospin 
and hypercharge simultaneously. To obtain a more realistic model of the EWGHU in the RS 
space-time, the choice of the enhanced electroweak symmetry and the assignment of matter 
contents should be reconsidered. 

We have seen that in the SU (3)^; model a quark with small bulk masses has a heavy lowest 
KK state^^, and that such heavy fermions have large contribution to the effective potential 
of Higgs because of the smallness of bulk masses. The converse is also true; fermions with 
large bulk mass term have light lowest KK masses and have small contributions to the 
effective potential. It remind us the qualitative similarity with the CW mechanism; In CW 
mechanism the contribution to the Higgs potential from a heavy quark loop is large because 
a heavy fermion has large Yukawa coupling to the Higgs field. However, we have to note that 
in the dynamical gauge-Higgs unification the quadratic divergence of Higgs mass is absent, 
thanks to the gauge symmetry in the higher-dimensional space-time. 
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APPENDIX A: APPROXIMATION FORMULAS 



When the 4D (or lowest KK mode) mass of a field $ is sufficiently smaller than rriKK, 
i.e., 7r^m|,Q -C ^\ki approximation formula for m$ 0) as discussed in 34 1. 

The mass m$,o is approximated by 



m 



KK 



(Al) 



where ^{a, 9, n) is defined by 



a{a — 1) 



ne 



sm 



H 



(A2) 



Zi sinh[Q;A;'7ri?] sinh[(a — l)k'KR] 
The mass of the weak boson mw is give by mw = /w(l, 1), and can be approximated by^^ 

9h 



rriKK 



kTTR 



sm ■ 



l + O 



m 



KK 



(A3) 



From Eqs. (]A2p . (]A3p . the lowest KK mass m$ o is also approximated (in terms of mw) by 



"^^.o = f^w{oi^,dH,n<i>) {l + 0{ml^Q7i'^/m%K)} > 
where Jlw is defined by 



(A4) 



mwi 



Zia{a — l)kR 



7r 



2 sinh[aA;-R7r] sinh[(a — l)kRTT 

Here we should note that fiwict, (^h, 1) is independent of the 9^- 
As for mxK, by using l^-mass formula (]A3P inversely we obtain 



. n9H 9h 

sm CSC — 

2 2 



(A5) 



mxK — Tcmw 



y/7ikR/2\csc{9H/2) \ . 



(A6) 



We should also note that Eq. (lA2p is an approximation of fi{a,9H, n) and valid valid only 
when /i <^ mxK- When a close to 1/2, the difference between fj,{a,9H,n) and fl{a,9H,'n) 
becomes large (see FIG. Ml- 



12 



Here we have taken the hmit: hnia^i /Lt(l, 9h, 1). 
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FIG. 8: fiw{^ — c, Oh, 1) and p-wi^ — c, Oh, 1) with fixed niw = 80.4GeV and kR = 12 and various c 

are plotted. From the top, the thick solid, thick dashed, thin dashed and thin solid curve [horizontal 

line] show /iiy — c, 9h, 1) [AvfC^ — c, 9h, 1)] for c = 0.0, 0.3, 0.4 and 0.45, respectively. The lowest 

single horizontal line indicates m\Y = 80.4GeV. 
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